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INTRODUCTION
Recent studies have shown that even though gear selectivity is important in modern stock assessment, it is often poorly understood (Hulson and Hanselman 2014) . Gillnets are the most preferred gear when harvesting fi sh from most parts of the world (Carlson and Cortés 2003) , thus making it imperative to have adequate knowledge of their size selectivity so that sustainable yield may be maximized (Millar and Holst 1997) . Indirect estimation of selectivity is the common method, used to estimate gillnet selectivity because direct estimation is diffi cult as it requires full knowledge of the species and size composition in the population (Hovgård et al. 1999 ).
Several studies have estimated gillnet selectivity parameters for various species around the world (Carlson and Cortés 2003 , Dos Santos et al. 2003 , Psuty et al. 2007 , Baremore et al. 2012 ). However, they were not estimated for the North African catfi sh, Clarias gariepinus (Burchell, 1822) , an important constituent of the subsistence and commercial gillnet fi shery catch in the Okavango Delta ( Van der Bank and Smit 2007, Mmopelwa et al. 2009 ).
Currently, the management strategy for the Okavango Delta fi shery does not include mesh size regulation (Shipton unpublished ** ). However, with foreseen rapid rate of increase in the human population growth in the Okavango Delta (Anonymous unpublished * ), pressure on the fi shery resources may rise due to increased market demand. For this reason, the current management strategy may be inappropriate in the near future and it will be important to set exploitation guidelines that will ensure long-term biological and socio-economic sustainability of the resource (Richardson et al. 2009) .
A good starting point in this endeavour is to determine gillnet selection patterns in the fi shery because selectivity impacts considerably on the estimation of biological reference points and therefore has implications on management advice particularly in relation to harvest levels and stock status (Butterworth et al. 2014, Hulson and Hanselman 2014) . Moreover, understanding selection patterns of gears is essential in age-structured stock assessment models (Carlson and Cortés 2003) and the results obtained from selectivity studies may assist fi shery managers to predict the effect of proposed mesh size regulations on the catch size distributions (Dos Santos et al. 2003) .
The aim of this study was to estimate gillnet selectivity parameters for Clarias gariepinus in the Okavango Delta using multi-panel gillnets of different mesh sizes that followed a similar pattern to those employed in the commercial gillnet fi shery so that management interventions could be developed for this fi shery.
MATERIALS AND METHODS Study area.
The Okavango Delta is a large inland wetland created by the Okavango River. The Delta is an alluvial fan covering almost 40 000 km 2 with a mean surface gradient of approximately 1 : 3700 in which the infl ow of water and sediment from the Okavango River are spread across a meandering convoluted surface through a complex system of channels and fl oodplains (McCarthy et al. 1998) . The Okavango Delta is one of Africa's most pristine Delta areas and it is rich in biodiversity with a large variety of habitats (Ramberg et al. 2006) . Data collection. Length frequency data were obtained through monthly gillnet sampling conducted over a period of 8 years from 2001 to 2009. The gillnet fl eet comprised 9 net panels made of nylon with different mesh sizes. These mesh sizes were 22 mm, 35 mm, 45 mm, 57 mm, 73 mm, 93 mm, 118 mm, and 150 mm stretched mesh. All panels were multifi lament with a length of 10 m and a depth of 2.4 m. Twine diameter was 210D/4 (0.56 mm φ) with a hanging ratio of E = 0.5. The panels were tied together in a random order and set monthly at Matsaudi Lagoon, Korao Lagoon, and Guma Lagoon (one overnight setting at each sampling station) (Fig.  1) . Setting time was approximately 12 h, from 1800 h to 0600 h. Fish were then removed from each panel and processed separately. Each fi sh was identifi ed to species level, and then total length (TL) and the wet weight were determined. ). Gillnet selectivity. For detailed analyses of gillnet selectivity, only mesh sizes from 73 mm to 150 mm were considered due to their relatively high effi ciency in capturing Clarias gariepinus. Relative selection was used to estimate selectivity. The population of C. gariepinus was reconstructed by length and expected catches were compared against observed catches. To do this, catches were grouped by mesh size into 5 cm TL size bins, and the selectivity curve for each mesh size was calculated using the midpoint of each size class (Millar and Holst 1997) . The SELECT method Holst 1997, Millar and Fryer 1999 ) was used to fi t four gillnet selectivity models to each mesh size. The models were fi tted to data in R using the package gillnet functions (Millar  ). When using SELECT, maximum likelihood estimation is employed and selectivity parameters are estimated from a general log-linear model under the assumption that catches are Poisson random variables Holst 1997, Millar and Fryer 1999) .
The expected catch for Clarias gariepinus of length class l in gillnet j was expressed following Millar and Holst (1997) as:
where p j is the relative fi shing intensity of gillnet j, λ l is the abundance of catfi sh in length class l; and r j (l) is the selection curve for each gillnet j. The expected catch can be expressed in log-linear form such that:
, is a function of only j and /or l. In this form, the maximum likelihood can easily be fi tted using existing statistical software (Millar and Holst 1997) .
Four models fi tted to data were: • Normal (with fi xed spread); • Normal (with spread proportional to mesh size); • Lognormal, and • Gamma.
The normal, gamma, and lognormal models observe geometric similarity, whereas the normal model with fi xed spread is not geometrically similar (Millar and Fryer 1999) . The models were fi tted under the assumptions that catches were independent and that gillnet panels were fi shed with equal effort. For a detailed description of the selection equations and their assumptions see Holst 1997, and Fryer 1999. To determine the maximum selected size or mode for each panel, the equations shown in Table 1 were used. Each model was fi tted twice to estimate selectivity, fi rst under the assumption that fi shing intensity was equal among meshes and secondly under the assumption that fi shing intensity was proportional to mesh size (Millar and Holst 1997) . To test the models for overdispersion, the dispersion parameter was calculated by dividing the model deviance by the degrees of freedom. A dispersion parameter that is >1 implies that data are overdispersed (Millar and Fryer 1999) .
RESULTS

CPUE and catch distributions.
A total of 1046 Clarias gariepinus were caught during the sampling period. CPUE was low (< 0.2 kg·panel -1 ·set -1 ) for mesh sizes smaller than 57 mm (Fig. 2) . From the 57 mm mesh size, CPUE increased with mesh size to a maximum of 1.5 kg·panel -1 ·set -1 in the 93 mm mesh then decreased to 1.0 kg·panel -1 ·set -1 in the 150 mm mesh size. The 93 mm and 118 mm mesh sizes were therefore considered most effi cient. These mesh sizes accounted for 44.6 % and 21.9 % of the total catch, respectively. The mean length of the captured C. gariepinus generally increased with increasing mesh size ( Table 2 ). The comparison of mean length showed signifi cant difference between different combinations of mesh sizes (Table 3 ). The catch size frequency distributions for different mesh sizes are shown in Fig. 3 . The two sample Kolmogorov-Smirnov test showed signifi cant differences between all catch size frequency distributions (Table 4) .
Gillnet selectivity. The results for the fi ts of the four models are shown in Table 5 . The normal model with fi xed spread under the assumption that fi shing intensity was proportional to mesh size gave the best fi t. The assumptions of different fi shing intensity did not affect the model deviances for the lognormal and the gamma models. The best model had a deviance of 238.94 on 52 degrees of freedom indicating overdispersion. This is shown by the pattern of the deviance residuals plot where all models were consistently biased with none demonstrating a distinct departure in the quality of fi t to data (Fig. 4) . Therefore these results do not confi rm the assumption of independent catches for Clarias gariepinus. For mesh sizes 73 and 118 mm, large negative residuals indicate that the observed catch was less than that predicted by the model for size classes 
m j = mesh size for panel j; κ, α, μ, σ are the maximum likelihood parameter estimates derived from log-linear fi ts of SELECT. The model deviance is the likelihood ratio goodness of fi t statistic with 52 degrees of freedom for each model.
46-50 cm and 51-55 cm TL, respectively. A large positive residual is apparent for size class of 46-50 cm TL in the 93 mm mesh size indicating that this size class has more catch than that predicted by the model. The modal lengths for the four mesh sizes estimated from the normal fi xed spread model under the assumption that fi shing intensity is proportional to mesh size are shown in Table 6 . Estimated modal lengths were larger than the observed modal lengths for mesh sizes 93, 118, and 150 mm. For the 73 mm mesh size, the estimated modal length was smaller than the observed modal length from the catch size frequency distribution.
DISCUSSION
This study showed that the normal fi xed spread model provided the best fi t for gillnet selectivity in Clarias gariepinus. This is an indication that this species is mainly caught by being gilled or wedged, thus producing a bellshaped relative selectivity curve (Dos Santos et al. 2003) . This also means that the proportion of large fi sh that got entangled in small meshes was insignifi cant. This is supported by the catch size distributions which showed that there was distinct size selectivity between mesh sizes with mean size increasing for bigger mesh sizes and mean lengths that were signifi cantly different between mesh sizes. Estimates were derived only for the normal fi xed spread model assuming that fi shing intensity is proportional to mesh size; SD = standard deviation.
Investigation of the residual plots indicated that all selectivity models demonstrated some bias for the 40-60 cm TL size classes in the 73 mm, 93 mm, and 118 mm net panels. To this end, all models overestimated the numbers of C. gariepinus caught in the 73 mm and 118 mm net panels while underestimating catch in the 93 mm net panel. Baremore et al. (2012) , 1839) and concluded that overdispersion for the fi tted selectivity models was a result of pooling data into 5 cm bins. This could also be the case for C. gariepinus because data in this study was also grouped into 5 cm bins. Moreover C. gariepinus often aggregate for communal feeding during the drawdown period in a phenomenon known as pack hunting (Merron 1993) . Therefore it is common to catch groups of similar sized fi sh of this species during this time. This could account for the models underestimation of catch in the 93 mm mesh size.
The models' overestimation of catch in the 73 mm and 118 mm net panels can be attributed to net damage by crocodiles. The Okavango River has a considerable number of crocodiles and the largest size class of these animals feed primarily on fi sh (Wallace and Leslie 2008) . On many occasions crocodiles would normally break the nets when feeding on captured fi sh since the nets were soaked overnight. This would usually leave large holes on ) of Clarias gariepinus for the different mesh sizes of the brown nets from the upper Okavango River delta, Botswana. Four mesh sizes (73 mm, 93 mm, 118 mm, and 150 mm) show marked fi shing effi ciency with mesh 93 mm producing the highest catch per set the net panels. Panel 118 mm could have been more susceptible to crocodile attack due to its ability to capture a substantive number of relatively large fi sh. This could also be an indication that even though panel assemblage was supposed to be random, panels 118 mm and 73 mm were tied adjacent to one another during most of the settings, thus making panel 73 mm equally vulnerable to crocodile attack. Damage on net panels could also result in violation of the geometric similarity assumption which was demonstrated by high model deviances for those models that assumed geometric similarity. Apart from the lack of fi t for the 40-60 cm TL size classes, the models generally described the data well with similar sized residual errors and little systematic bias.
The preferred mesh size in the Okavango gillnet fi shery is currently 100 mm (Shipton unpublished * ). The estimated size at maturity for Clarias gariepinus in the Upper Okavango Delta is 27.3 cm TL for females and 36.2 cm TL for males (Mosepele and Nengu 2003) . Therefore the estimated modal lengths for the two mesh sizes (93 and 118 mm) that are most effi cient at capturing C. gariepinus are greater than the estimated size at maturity. Since the 100 mm mesh size falls between 93 and 118 mm, the current commercial gillnet fi shery may not pose any threats to the C. gariepinus population.
CONCLUSIONS AND MANAGEMENT RECOM-MENDATIONS
This study, even though using fi shery independent surveys data closely followed the harvesting pattern employed by the commercial gillnet fi shery especially with regard to mesh sizes and soaking time. Therefore this study could act as a proxy for estimation of the size structure of the Clarias gariepinus population that is exploited by the commercial gillnet fi shery in the Okavango Delta. However, low sample sizes from this study may not be a refl ection of the potential catch from the commercial gillnet fi shery. This is because the effort used in this study was relatively low (one net setting per station per month) and the nets were multifi lament thus making them easy for the fi sh to see and avoid in the clear Okavango waters. On the other hand, commercial fi shers use monofi lament gillnets, which are almost invisible to fi sh, span between 150 m and 200 m in length and are set across lagoons and channels.
The fi shery appears to be self-regulating because even though there is no mesh size regulation, the preferred mesh size in the fi shery (100 mm) corresponds to high CPUE while capturing fi sh at lengths larger than maturity. This is also an indication of a healthy stock that is under exploited thus agreeing with Mosepele (unpublished) who found that Maximum Sustainable Yield could not be reached for C. gariepinus in the Okavango Delta. Future studies should aim to conduct fi shery dependent selectivity studies in the Lower Okavango Delta to see if selectivity changes with location, gear or target species (Baremore et al. 2012 ), particularly because recently, studies have suggested the possibility of two distinct populations of C. gariepinus between the Upper and Lower Okavango Delta (Bokhutlo et al. 2015) .
Indeed, it is crucial to consider selectivity studies for other species, particularly those that are smaller, less hardy and preyed upon by Clarias gariepinus so that they may be included in a multispecies fi sheries management plan. Furthermore, the Department of Wildlife and National Parks (DWNP) should continue to carry out experimental fi shing surveys with increased effort to obtain substantive sample sizes. Since gillnet panel order and position relative to shore may have an effect on the effi ciency of the panels to capture fi sh, a randomised block design should be used to select panel order so that the effect of panel position and the interaction between panels may be minimised (Wilson and Andrew 1987) .
Finally, developing a catfi sh based gillnet fi shery would fall under the current legislation with close monitoring of the size structure, particularly mean length. This kind of monitoring will provide a platform for implementation of adaptive management strategies as the fi shery evolves over time. Moreover, there is a need to conduct a comprehensive age-based stock assessment to determine the selection at age for each mesh size, thus establishing those mesh sizes that maximise yield without a high risk of stock collapse.
